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Selected physiological parameters of 31 classic and rough Pseudomonas aeruginosa strains from respiratory
tract cultures of patients with cystic fibrosis were examined. An association of a patient's clinical condition
(good or pbor) with strain physiology was made. Rough strains from patients in poor clinical condition
demonstrated seve,re alterations in motility when compared with M-2, a highly motile and chemotactic burn
strain. Of the 10 rough strains from patients idi poor clinical condition, 70%. lacked flagella, as determined by
electron microscopy. The remaining few flagellated strains from this group exhibited weak motility both in soft
agar and by the cafillbry assay. Their chemotactic response to three amino acids, when compared with that of
straiii M-2, was reduced approximately 30 to 90%. Classic strains from patients in poor clinical condition were

less chemotactic thani those from patients in good clinical condition. A majority of classic and rough strains
from patients in good clinical condition were comparable to M-2 in both chemotaxis and motility. Changes in
other physiological characteristics indicated by reduced growth rgtes, or auxotrophy, were seldom observed in
the cystic fibrosis strains studied. The data suggest that host-selective pressures, associated primarily with
patients with cystic fibrosis that are in poor clinical condition, result in the loss of factors related to invasiveness
such as motility and chemotaxis. We propose that these results may reflect that there is a more general
alteration in the cell envelope of cystic fibrosis strains.

Pseudomonas aeruginosa has emerged as the major
pathogen associated with cystic fibrosis (CF) lung pathology
(7, 12, 13, 21, 23, 32, 34, 36). Three morphological types of
the organism predominate in the lungs of patients with CF:
classic (irregular shape with a smooth, matte surface), rough
(irregular shape with rough, matte surface), and mucoid
(circular shape with smooth, shining surface) (38). Although
much significance has been placed on the importance and
frequency of P. aeruginosa rmucoid strains in CF (9, 12, 19),
as an initial study we specifically studied nonmucoid strains.
Results of research by many investigators (4, 8, 10, 27) have
indicated that mucoidy of P. aeruginosa is an inherently
unstable characteristic which may be strongly influenced by
the laboratory environment.
Many Pseudomonas exoproducts such as proteases,

exotoxins, and phospholipases, known to play an important
role in certain acute infections (33), currently are being
considered as factors which may promote CF lung cytopa-
thology (15, 16). In addition to these exoproducts, certain
physiological characteristics, such as motility and chemo-
taxis, may shed light on the subject of persistence. Results of
studies with isogenic mutants for chemotaxis and motility
indicate that these strains are avirulent in the burned mouse
model (D. Drake, G. Shaw, and T. C. Montie, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1984, B 155, p. 43). Some
evidence now exists which suggests that certain physiologi-
cal characteristics of P. aeruginosa, associated with its
virulence in acute infections may, in fact, undergo alter-
ations in the state of chronic infection in the lungs of patients
with CF (11, 25, 35).
We examined the physiological parameters of motility and
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chemotaxis in classic and rough strains from patients in good
(G) and poor (P) clinical condition in an attempt to answer
the following questions. First, after initial lung invasion by
the pathogen, is there progressive host selection against
bacterial properties normally associated with invasive viru-
lence? Second, what is the phenotype of P. aeruginosa
associated with chronic CF infection in the lungs?

MATERIALS AND METHODS

Bacteria and culture media. All P. aeruginosa strains
described in Table 1 were isolated from respiratory tract
cultures of patients with CF at the Cleveland CF center. P.
aeruginosa M-2 was originally isolated from the small
intestine of a CF-1 mouse (14). Strain M-2 was obtained from
I. A. Holder (Shriner's Burns Institute).

Stocks of bacterial cultures were kept at -70°C in Luria
broth (1% NaCl, 1% tryptone, 0.5% yeast extract [pH 7.0])
and 25% (vol/vol) glycerol. Bacterial stocks, maintained as

dilute suspensions in Luria broth at 4°C, were used to
inoculate cultures daily.
The standard growth medium for chemotaxis assays and

growth experiments was a mineral salts mixture containing
the following: dibasic potassiumn phosphate (0.04 M),
monobasic potassium phosphate (0.02 M), ammonium sul-
fate (7.6 x 10-3 M), magnesium sulfate (2.0 x 10-4 M), and
ferric chloride (9.2 x 10-6 M). Sodium succinate (0.4%)
served as the carbon source, except where otherwise noted.
For bacterial plate counts, cells were diluted in tryptone

broth and plated on tryptone plates containing 1.6% agar.
Motility medium (synonomous with soft agar) contained 10 g
of tryptone (Difco Laboratories, Detroit, Mich.), 3 g of yeast
extract, 5 g of sodium chloride, 3 g of agar, and 1 liter of
distilled water (pH 7.2).
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TABLE 1. Properties of P. aeruginosa strains from patients with
CF

Motility in soft
agar as deter-
mined by diam

Strain Clinical Colonial Flagellum" followingconditiona morphology" foaellmo(mmiatth
timesd:

6 h 24 h

M-2e C + 8 37
437e2 G R + 7 23
572b G R + 12 39
86f G R + 13 50
412oo G R + 9 12
320f G R + 9 30
435c G C + 8 35
903a G C + 5 22
35c G C + 5 28
902c G C + 8 31
320e G C + ND ND
412a G M + 9 31
402c P R + 4 20
409g P R + 3 21
415gg P R + 3 8
414g P C + ND ND
503g P C + ND ND
541a P C + 5 21
144b P C + 3 20
776e P C + 8 23
676e P C + 7 15
423mm G R - 2 2
412ee G C - 2 2
423gg G C - 2 2
155c P R - 2 2
96e P R - 2 2
66g P R - 2 2
414ii P R - 2 2
414nn P R - 2 2
503cc P R - 2 2
448hh P R - 2 2
448bb P C - 2 2

a The clinical evaluation of patients is based on a modification of the scoring
system of Schwachman et al. (31), in which a maximal score of 25 points is
awarded for each of four categories: chest roentgenogram, general activity,
physical activity, and nutrition. Patients in consultation with their physicians
are then classified into three categories: 1, good (G), total score, 75 to 100; 2,
moderate (M), total score 60 to 74 (no strains included); 3, poor (P), total
score, less than 60.

b C, classic; R, rough; M, mucoid.
C Visible by electron microscopy; magnification, x 10,000.
d Two millimeters represents nonspreading colonies. ND, No data.
e An invasive burn strain.

Motility assay. Cells were grown for 24 h on tryptone broth
agar. Several colonies were stab inoculated into the center of
a plate of motility medium. For each assay, triplicate plates
per strain were incubated at 37°C and examined periodically
over a 1- to 24-h period for colony spreading (1). Colony
diameter was measured at various time points. The average
of three assays was used to graphically plot the data.

Electron microscopy. Bacteria were grown for 14 to 16 h in
5 ml of Luria broth at 37°C without shaking. Cells were
stained with 0.5% phosphotungstic acid (pH 7.0). Specimens
were examined with an H-600 Hitachi transmission electron
microscope (magnification, x 10,000).

Capillary assay for quantitation of bacterial chemotaxis and
motility. All CF strains of P. aeruginosa exhibiting motility
in soft agar were tested by a modified Adler capillary assay
(2, 24). Strain M-2 was also tested routinely as a non-CF

strain to be used for comparison. The results for the CF
strains could be compared relative to those for strain M-2.
Strain M-2 was selected as a standard chemotactic strain. Its
motility and chemotaxis are on the order of other virulent,
wild-type strains such as PAO1, 1210, and 1244.
Growth experiments. A bacterial stock suspension in Luria

broth (0.2 ml) was inoculated into 50 ml of mineral salts plus
0.4% succinate or 0.4% glucose and grown overnight at 37°C
with rotary shaking at 175 rpm. The overnight growth was
diluted with fresh medium to give an optical density (A590) of
0.05 to 0.07 on a Bausch & Lomb Spectronic 20. Incubation
continued at 37°C with shaking, and optical density readings
(A590) were taken periodically for 8 h or until an optical
density at 590 nm of 1.0 was reached.

RESULTS
All CF strains were tested for motility by comparing their

colony spreading with that of strain M-2 in motility agar.
Nonmotile rough P strains 155c, 96e, and 66g were identified
by formation of a nondiffuse colony at the site of inoculation
which measured only 2 mm at 24 h (Table 1). Strains 572b
and 86f (G strains; Fig. 1) displayed rapid colony spreading
over a 1- to 24-h time period. P strains 402c and 437e2 (an
auxotrophic G strain) exhibited motility that was less than
one-half that of strain 86f. A plot of the spreading rate was
nearly linear by up to 6 h for all strains tested (Fig. 1). Rough
P strains 414ii, 414mm, 503cc, and 448hh displayed no
motility in soft agar (Table 1). G strains 320f and 412oo were
similar to M-2 in motility, while 415gg (P strain) was only
slightly motile.

Migration of classic P. aeruginosa strains in motility agar
was used for comparison with rough strains (Table 1).
Certain classic strains were not tested in motility agar, since
they were identified as nonflagellated by electron micros-
copy. Two G strains, 412a and 35c, displayed motility at 24
h that was similar to that of strain M-2. However, during the
first 6 h, 35c motility was slightly greater than half that of
M-2. G strain 902c displayed colony spreading similar to that
of M-2 during the first 6 h of the assay. In contrast, both 144b
and 541a (P strains) showed reduced motility compared with
that of M-2. During the first 6 h of the assay, strain 144b
exhibited less than half the motility of M-2, while 541a gave
approximately a one-third reduction compared with that of
M-2.
A single polar flagellum is one of the major taxonomic,

phenotypic characteristics of P. aeruginosa, and its absence
in clinical strains is rarely observed (20). Yet a large number
of strains tested initially displayed no spreading in motility
agar. The question arose as to whether these nonmotile
organisms possessed flagella. To test this idea all question-
able strains were examined by electron microscopy. Elec-
tron micrograph data show that 47% of the P strains lacked
flagella, in contrast to the absence of flagella in only 21% of
the G strains (Table 1). The absence of flagella, as demon-
strated by electron microscopy, corresponded 100% with
motility assay results. The absence of flagella was the most
striking in those strains with rough colonial morphology.
Seventy percent of the rough P strains lacked flagella, while
only one rough G strain (423mm) was nonflagellated. In
contrast, 80% of all classic strains examined were flagel-
lated.
The results of more precise determinations by capillary

assay of chemotactic capacity and motility are shown in
Table 2. Rough strains from patients in good and poor
clinical condition were examined. G strains 572b and 86f
were highly chemotactic toward all three amino acids. Their
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FIG. 1. (A) Migration of rough P. aeruiiginosta strains in soft agar. (B) Rough P. aeru(ginosa strains from patients with CF in good and poor
clinical condition.

average response to arginine was nearly comparable to that
of M-2, and their response exceeded that of M-2 for the other
two attractants. Strain 412oo also exceeded M-2 in its
response to serine and arginine. Of the four rough G strains
tested, only 320f showed a significant reduction (69%) in
response to arginine. The motility of 320f was somewhat
reduced (33%) compared with that of M-2. The chemotactic
response of P strain 402c (Table 2) to all three attractants
was severely depressed, to an average of 13% of the value
for strain M-2. The chemotactic response of strain 409g was
partially lower, being 72% on average for all three at-
tractants. This value corresponded closely to the results of
the buffer (motility) capillary assay (64% that of M-2).
Three of the four classic G strains (Table 3) showed

comparable responses toward arginine and alpha-ami-
noisobutyrate (AIB) and in their motility. Strain 902c was
more chemotactic than M-2. Its response to AIB was greater
than twofold that of M-2. Only the response of 435c was
reduced for both attractants (10 and 34% of M-2 for AIB and
arginine, respectively). This is also the only strain in this
group which demonstrated significantly reduced motility

TABLE 2. Motility and chemotaxis of rough CF strains of P.
(eriigillosa compared with those of M-2

Accumulation (104 CFU per capillary) in the

Strain following with the indicated concn'U
(clinical condition)" 10' M 10- M 10- M

Serine AIB Arginine Buffer

572b (G) 66 + 5 48 11 53 2 2.6 0.7
86f (G) 49 8 55 9 63 10 3.5 0.8
412oo (G) 57 ND' 73 5 4.1 1.3
320f (G) ND ND 20 3 1.6 0.4
402c (P) 3.6 1.5 2.8 0.7 10 2.8 1.1 0.3
409g(P) 28±5 28±2 41±5 1.7±0.5
M-2 38 5 29 7 65 2 2.4±+ 0.3

Clinical condition: G. good: P. poor. For criteria, see footnote a to Table
1.

"Mean + standard error of the mean.

ND. No data.

(19% that of M-2) in the capillary assay. Strain 35c, although
less motile (46% that of M-2), was highly chemotactic for
both arginine and AIB. Apparently, motility was not the
limiting factor.
Three of the four classic P strains generally were similar to

M-2 in motility buffer capillary cell counts (Table 3). Only
strain 541a showed reduced motility (31% that of M-2). In
contrast, there was a general trend in these strains toward
reduction in chemotaxis, which in some cases was severe.
Strains 676e and 144b gave responses to arginine (8 and 14%
that of M-2, respectively) similar to that of strain 402c, as
described above. The response to AIB by strains 144b and
776e was decreased to 14% (144b) and 17% (776c) that of
M-2. Data in Table 3 show that three of the four classic P
strains exhibited reductions in chemotaxis to one or two
amino acids.

Results of previous studies by Moulton and Montie (24)
have shown that the concentration-response curve for serine
showed a peak at 10' M and a peak at 10-2 M for arginine

TABLE 3. Motility and chemotaxis of classic CF strains of P.
aeruginosa compared with those of M-2

Accumulation (104 CFU per capillary) in the
Strain olwn:

(clinical condition)" following":
AIB Arginine Buffer

35c (G) 35 16 52 8 1.1 0.3
435c (G) 3.0 + 1.1 22 ± 8 0.45 ± 0.06
902c (G) 77 8 80 4 3.0 0.7
412a' (G) 20 3.6 + 11 2.6 + 0.25
776e (P) 4.9 24 + 4 2.6 ± 0.25
676e (P) NDd 5.2 + 1.8 1.9 ± 0.2
144b (P) 4.1 + 0.9 9.0 ± 4.6 1.4 + 0.36
541a (P) ND 82 + 3 0.75 + 0.32
M-2 29 + 7 65 2 2.4 0.3

Clinical condition: G. good; P, poor. For criteria, see footnote a to Table
1.

b Mean t standard error of the mean.
' Mucoid strain.
d ND, No data.
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TABLE 4. Taxis of P. aeruginosa 402c with different
concentrations of amino acids'

Accumulation (104 CFU per capillary)
Strain Concn (M) in the following:

AIB Arginine Buffer

402c 10-2 0.5 0.3 ND"
10-3 0.6 0.6 0.3

M-2' 10-4 0.04 0.3 ND
10-2 16.0 65.0 3.0

aGrowth medium was mineral salts plus 0.4% succinate.
b ND, No data.
' Tested on the same day.

and AIB. Since these optimum molar concentrations of
attractants were used in the capillary assays, the relative
lack of 402c chemotaxis response to the amino acids could
be due to the requirement of concentrations other than the
ones used. Results of 402c chemotaxis toward arginine and
AIB at different molar concentrations (Table 4) indicate that
this was not the case. Chemotactic response of 402c was
minimal for all three concentrations of arginine and AIB,
while M-2, tested on the same day, showed characteristic
chemotaxis and motility.
Chemotaxis of bacteria toward amino acids might be

influenced by the growth medium used prior to the capillary
assays. An organism unable to efficiently utilize the mineral
salts medium plus succinate as a carbon source could appear
to be nonchemotactic and should exhibit reduced motility.
Consequently, it was important to establish whether CF
strains were able to efficiently utilize the growth media
required for these experiments. Experiments showed that
both 86f and 66g (a nonflagellated strain) grew as well as M-2
in mineral salts medium plus succinate as a carbon source
(Fig. 2). Reduced motility of 402c was not due to an inability
to grow in mineral salts medium plus succinate as a carbon
source (Fig. 2). The generation time of 402c was 93% that of
M-2. In general, no marked differences in growth were
observed for the strains tested by the chemotaxis capillary
assay. We noted that growth rate is generally not correlated
with chemotactic capacity (unpublished data).
A survey of the growth of all strains in mineral salts plus

glucose, or succinate, compared with Luria broth showed a
few metabolic deficiencies. Only three auxotrophs (23% of
the total) were found in patients with all clinical conditions.
Although there was some selection for auxotrophy in the
lungs of patients with CF, such deficiencies could not
contribute to the altered motility observed in such a large
number of CF strains.

DISCUSSION
The majority of CF strains of P. aeruginosa examined in

this study differ markedly from strains associated with acute
infections with regard to motility and chemotaxis. These
phenotypic parameters were stable ones not subject to
alteration by laboratory environmental conditions. We hy-
pothesize that, after initial invasion of the lungs by the
organism, there may be a progressive selection against
bacterial properties normally associated with invasiveness.
These include motility, protease production (22), and intact
lipopolysaccharide. Recent evidence is reported substantiat-
ing the lack of invasiveness of such strains in a burned
mouse model (22).
The motility of the majority of CF G strains was similar to

that of M-2 in soft agar. However, since a surprisingly large
number of CF rough strains were nonmotile in the motility
assay, we suspect that these organisms lacked flagella. Such
a severe physiological aberration would be unusual in P.
aeruginosa. The single, polar flagellum is a major taxonomic
characteristic of the organism and is associated with more
than 95% of clinical strains (3, 20, 25). In fact, when
type-specific, thermolabile (flagellar) antigens were studied
by Lanyi (20), he reported that only 1 of 541 strains was
nonmotile. Detection of flagella by electron microscopy
confirmed the absence of flagella in 70% of rough P strains.
This severe alteration of phenotype was not limited to rough
colonial morphology, since two classic strains from patients
in poor clinical condition lacked flagella. However, in con-
trast to rough strains, 80% of classic strains from both
clinical conditions were flagellated.

Deficiency in flagellation has been reported previously in a
Bacillus subtilis mutant by Sasajima and Kumada (28, 29)
and Sasajima et al. (30). A defect in the cell surface structure
of the B. subtilis mutant caused altered cell morphology,
bacteriophage sensitivity, and nonflagellation. According to
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FIG. 2. (A) Growth curves of strains 86f, 66g, and M-2 grown in mineral salts medium plus succinate as a carbon source. (B) Growth
curves of P. aeruginosa strains 572b, 96e, 402c, and M-2 grown in mineral salts medium plus succinate as a carbon source. OD590, Optical
density at 590 nm.
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these investigators, a transketolase mutation may affect the
synthesis of polysaccharide which, in turn, could alter the
cell surface, resulting in an inadequate function of membrane
proteins. Gram-negative mutants also have been reported
which are flagellated and defective in synthesizing lipopoly-
saccharide (17, 18). Integration of protein in the outer
membrane also has been found to be defective in a lipopoly-
saccharide mutant of Escherichia coli (17, 18). Perhaps a
similar mutation event is selected for in the lungs of patients
with CF, thereby favoring nonflagellated P. aeruginosa
strains in patients who have been harboring the pathogen for
prolonged periods of time. This concept seems plausible,
since once established in the lungs, the organism would no
longer need invasive properties such as motility and chemo-
taxis (22). It might be speculated further that altered synthe-
sis of lipopolysaccharide could create envelope instability
which could interfere with the secure anchoring of the
flagellum. This line of thinking is supported by the fact that
a basal body ring of the flagellum is associated with the
lipopolysaccharide-outer membrane layer of the cells (17).
Some authors (5) have attempted to correlate mucoidy

with nonflagellation by strain selection in the laboratory;
however, we found no such correlation from the results of
our study. Unlike the transient, mucoid phenotype,
nonflagellation is not dictated by environment. Nonflagella-
tion of P. aeruginosa is apparently a stable characteristic
associated with specific strains. It was not altered by any
variation in growth medium, temperature, or aeration. Our
findings are supported by those of both Pugashetti et al. (26)
and Penketh et al. (25), who have found that mucoidy is not
related to other physiological characteristics such as flagel-
lation, intact 0 antigen, and serum sensitivity.
A related observation concerned the chemotaxis of CF

strains. There was a trend toward an association between
patient clinical condition and chemotactic response, as was
seen with rough strains and flagellation. Thus, six of eight
strains from patients in good clinical condition showed
chemotaxis comparable to or better than non-CF strain M-2,
as judged by their response to one or more amino acids. In
contrast four of six strains from patients in poor clinical
condition were deficient (three strains showed severely
reduced chemotaxis). These data, although from a much
more sensitive and specific assay for chemotaxis, were in
general agreement with the results from the motility plate
assays.

Since rough strains from patients in poor clinical condition
were predominantly nonflagellated, only two could be tested
for amino acid chemotaxis by the capillary assay. Both
strains were less chemotactic than strain M-2. There was a
parallel reduction of motility suggesting that it is directly
affected, resulting in reduced chemotaxis. As an alternative
explanation, since the genetic loci for motility and chemo-
taxis are in close proximity (36, 37), a mutational event in
that region of the chromosome could alter both gene prod-
ucts.
Over half of the classic strains displayed reduced chemo-

taxis toward one or more attractants. As in the case with
rough strains, classic strains from patients in poor clinical
condition were less chemotactic than those from patients in
good clinical condition. While the absence of flagella was
less frequently observed in classic strains, the chemotaxis
results suggest that the general chemotactic response is not
functioning the same as that observed in motile, chemotactic
strains from acute infections. Since classic strains also show
a trend toward altered lipopolysaccharide, in that 50%
exhibited polyagglutination in 0 antigen antisera (22), this

altered cell envelope could result in malfunctions such as
perturbation of chemoreceptors in the membrane or of the
appropriate signal transmission to the flagellum.
An interesting question is what selective pressures might

be present in the lungs of patients with CF. Since the lungs
of patients with CF are unique in that large amounts of
mucus are secreted, especially at later stages of the disease,
one would suspect that motility would be of less advantage
in such a highly viscous environment. Elevation of divalent
cations such as Ca2" (39) could conceivably alter bacterial
lipopolysaccharide synthesis as well. Since magnesium is an
important requirement for integrity of the outer membrane of
gram-negative bacteria (11), increased cation levels would
result in outer membrane-stabilizing conditions and would
select for envelope-deficient phenotypes. One approach
would be to look for these changes by following in sequence
respiratory tract cultures from single patients.
As mentioned above, alterations in flagella may reflect a

more general problem in the cell envelope. An understanding
of the nature of these changes would increase the choice and
efficacy of any envelope-associated immunotherapy (14) or
antibiotic chemotherapy.
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